INTRODUCTION
Whole blood from all participants was processed in a XE-2100 analyzer, and the quantitative data, scatterplots, and histograms obtained were used to construct predictive models (index tests) for each malaria species using binary logistic regression (LnR). The dependent variable was malaria status (positive = P. vivax or P. falciparum ; negative = AFS), and the independent variables were those obtained from the XE-2100 analyses. Sample size was estimated as N = 10( k + 1), where k is the number of independent variables in each LnR model. 13 The variables modeled were selected based on bivariate comparisons between malaria and AFS groups (Mann-Whitney's U and Student's t test for continuous data and χ 2 test for categorical data; inclusion criteria was P < 0.25), univariate LnR analyses (inclusion criteria was P < 0.25), and correlation analyses (Spearman's and Kendall's coefficients; r < 0.6). The models were built stepwise with forward-Wald P value of 0.1 as criterion for exclusion of variables from the model. Strength-of-association (Nagelkerke's R 2 ) test, goodness-offit (Pearson's χ 2 and Hosmer-Lemeshow statistic) tests, and the models accuracy were considered for selection of the final models for each malaria species. The predicted probability (PP) for malaria given by the formula, ( β 0 , intercept; β 1,2, … n , fitted coefficients; x 1,2, … n , variable values) was obtained from each model and calculated for each sample. The discrimination accuracy and optimal cut-off PP of each model was determined using receiver-operating characteristic (ROC) curve analysis. The index test diagnostic criteria were defined as the optimal malaria PP obtained for each model (positive: ≥ optimal PP; negative: < optimal PP) and were tested for sensitivity, specificity, likelihood ratios and Youden's J against the reference standard (microscopy). Confounding was assessed for sex, age (in deciles), ethnicity, and time to process the sample. The prediction models developed were the following: one univariate (U-OD) and one multivariate (M-OD) observer-dependent model for P. vivax that included visually assessed categorical variables (presence or absence of abnormalities) from the XE-2100 graphical analyses ( Figure 2 ). With the M-OD P. vivax (Pv) model, an integer-point Malaria Pv Score was obtained by dividing the fitted coefficients ( β n ) by the smallest coefficient and rounding the quotients to the nearest integer. For both Plasmodium species, one N-OD model using the analyzer's built-in variables (clinical and technical; N-OD1) and one N-OD model using the built-in variables and pixel counts in scatterplot areas not registered by the commercial XE-2100 Information Processing Unit (IPU; N-OD2) were built. N-OD models were modeled using their original scale, because they were designed to be computed by a laboratory information system (LIS). The models were cross-validated comparing a random 60% sample of the malaria cases with a composite control group (controls validation is Gate 2b) that consisted of a random 60% sample of the AFS group, samples from healthy companions from an endemic region (HE), and samples from healthy participants from a non-endemic region (HNE; Figure 1 ). Healthy was defined as an asymptomatic participant with no history of malaria in the previous 2 months and a malaria-negative thin film (reference standard). The study was approved by the Ethics Committee of the Sede de Investigación Universitaria of the Universidad de Antioquia, and all participants signed a consent before enrolling the study.
Secondary analyses. The gap between the manual and automated differential WBC counts [neutrophils, eosinophils (pseudoeosinophilia), basophils, lymphocytes, and monocytes] was defined as [(automated WBC count − manual WBC count)/ automated WBC count] × 100. To explore the possible cause of the XE-2100 malaria-related abnormalities, linear and logistic regression analyses were performed with the FBC variables as dependent variables and the differential parasitemias (rings, mature trophozoites, schizonts, and gametocytes) as independent variables.
Data recollection, diagnostic procedures, and laboratory studies. As the reference diagnostic test, duplicate thick films from patients attending the malaria-diagnosis service were dyed with Field's stain and read by one experienced field microscopist and one experienced laboratory microscopist; a third examiner resolved discrepancies. Two-hundred highpower fields were evaluated before excluding malaria, and species was determined morphologically. 14 Total and differential parasite counts were done per 200 WBCs and converted to terms of the automated WBC count to parasites per microliter. For the index test, whole blood was collected in 4-mL, dipotassium ethylene diamine tetraacetic acid containing Vacutainer tubes (Becton, Dickinson and Company, Franklin Lakes, NJ) and transported at »10°C to Medellín within the sample viability range (36 hours). 7, 15 Two-hundred microliters of blood were processed in a commercial Sysmex XE-2100 (Sysmex Corporation, Kobe, Kansai, Japan). This Figure 1 . Study design and sampling procedure. R, referred by physician; NR, not referred by physician; AFS, participant with malaria-negative acute febrile syndrome; HE, healthy participant from endemic region; HNE, healthy participant from non-endemic region. Details in text. *Diagnostic reference standard for malaria versus AFS. **Diagnostic reference standard for malaria versus healthy in composite control. ***Index test diagnostic criterion (optimal predicted probability obtained for each diagnostic model). ¶Blood analysis from where data were obtained to construct the index diagnostic criteria. White and yellow perimeter lines in A delimit the areas where scatterplot variables not given by the XE-2100 IPU where codified for analysis ( Supplementary Panel 1 ). C depicts the general XE-2100 P. vivax pattern. Arabic numerals correspond to categorical variables: 1, neutrophil group, outside limit (yellow line); 2, neutrophil group, inferior deviation; 3, neutrophil group, right deviation; 4, eosinophil group, outside limit (yellow line); 5, confluent neutrophil and eosinophil groups; 6, granulocyte-coded events outside inferior limit; 7, number of neutrophil-coded group(s) (1 or 2); 8, number of eosinophil coded group(s) (1 or 2); 9, tendency of granulocytes to form one group; 10, abnormal granulocyte-coded group color (gray or normal); 11, gray RBC ghosts; 12, fusion of neutrophil group and RBC ghosts; 13, WBC blue group crosses limiting line; 14, high SFL gray events past limiting line. Table 2 , available at www.ajtmh.org ]. The XE-2100 uses DC to generate PLT and RBC histograms, DC and RF to detect immature WBC (IMI scatterplot), and semiconductor laser-light 90° side-scatter (SSC) and 0° forward-scatter (FSC) and polymethyne 90° side-fluorescence (SFL) to generate six scatterplots that separate WBCs (DIFF and WBC/BASO scatterplots), nucleated red blood cells (NRBC scatterplot), and RBCs and PLTs (RET-EXT, RET, and PLT-O scatterplots; Figure 2 and Supplementary Figure 1 , available at www.ajtmh.org ). [15] [16] [17] This study analyzed the DIFF, WBC/BASO, IMI, NRBC, and RET-EXT scatterplots. The mean SSC, FSC, and SFL values (given in arbitrary units by the manufacturer) in each scatterplot axis ( X and Y ) for each cell type were available as technical variables. Thin films prepared by a Sysmex SP-1000 i were used for manual WBC differentials and parasite search in the HE and HNE group samples.
XE-2100 graphical analysis. The commercial XE-2100 IPU is not programmable for scatterplot analyses different from those specified by the manufacturer. To analyze several malaria-related scatterplot abnormalities not reported by the IPU that were required for the OD and N-OD2 models, they were edited and analyzed using Photoshop CS3 v10.0 (Adobe Systems Incorporated 1990-2007, San Jose, CA; Figure 2 ). A detailed explanation of the editing and analysis procedure can be found in Supplementary Panel 1 (available at www.ajtmh .org ). Briefly, variables were established in three steps. First, in an open evaluation of 208 random images of all groups, areas with malaria-related patterns or events (pixels) were grossly identified. Second, to finely limit these areas, summary images were created by superposing 50 random images, each with fill (transparency) value of 2%, to obtain a compound image with fill value of 100% for each group. Third, a level-edited summary image, where middle tones were overexposed, was created to reveal pixels unlikely to superpose in the summary images as in the RET-EXT scatterplot ( Figure 2C and D ). The delimited malaria-related patterns were then codified as observerdependent categorical (presence or absence of pattern) or pixel-count quantitative variables (command, image analysis: histogram: quantity). 18 Ten abnormalities in the granulocyte area in the DIFF scatterplot were summed in a variable denoted as number of granulocyte-coded DIFF abnormalities ( Figure 2 ). Categorical variables were evaluated in three interrater and intrarater analyses with researchers masked to the study group and to the other researcher's results. A final set of 14 reproducible categorical variables (kappa coefficients > 0.6) 19 and six pixel-count variables were obtained and also evaluated in a masked procedure for all samples ( Supplementary Tables 1  and 2 , available at www.ajtmh.org ).
Statistical analysis. Data were analyzed with SPSS v17 (SPSS Inc. 2008, Chicago, IL) and Epidat v3.1 (EPIDAT 2005, Xunta de Galicia , Santiago de Compostela A Coruña, Spain; PAHO, Unit of Health Analysis and Information Systems, Washington, DC). Statistical significance was set at £ 0.05, and 95% confidence intervals (95% CI) were obtained for diagnostic accuracy estimates.
RESULTS
A total of 281 blood samples were collected between November 2008 and February 2009. Median age, sex, and time to process the samples was similar between study groups ( Table 1 ). In the AFS group, 57% of the patients were diagnosed with unspecific febrile syndromes, 21% with upper respiratory infection, 9% with gastroenteritis, 6% with lower respiratory infection, 3% with urinary tract infection, 2% with dengue fever, and 2% with primary varicella infection. One patient was reallocated from the AFS to the P. falciparum group after visualizing ring forms in the duplicate thick-film evaluation.
XE-2100 variables among study groups. Bivariate comparisons and univariate LnR analyses of the FBC variables between each malaria group and the AFS group are shown in Supplementary Table 1 . Briefly, there was a significant decrease in the RBC and PLT counts and an increase in RBC and PLT volume distributions in both malaria groups. Reticulocyte counts were significantly higher in both malaria groups, but the reticulocyte-count/immature-reticulocyte fraction (IRF) ratio was similar between groups. There were significant differences in the scatterplot mean X and Y axis values for lymphocytes (LYMPH-Y and LYMPH-X) and immature WBCs (IMI-DC and IMI-RF) in both malaria groups, in the WBC DIFF channel (DIFF-Y), NRBCs (NRBC-X), and reticulocytes (RET-X) for P. vivax , and in the NRBC-Y and the RBC channels (RBC-X, and RBC-Y) for P. falciparum. The ratio between the DIFF WBC count and the total WBC count (DDIFF/WBC) was significantly higher for P. vivax . The proportion difference for thrombocytopenia (PLT < 150 × 10 3 /μL) between P. vivax and AFS was 65.5% (95% CI = 52.4-79.6%) and between P. falciparum and AFS was Table 1 Descriptive statistics of participants and samples * Composite control includes samples from AFS ( N = 39), HE ( N = 56), and HNE ( N = 67) groups. IQR = interquartile range; ND = no data available. 39% (95% CI = 19-60%). The proportion difference for anemia (hemoglobin < 12 mg/dL) between P. vivax and AFS was 13.2% (95% CI = −2.0-28.4%) and between P. falciparum and AFS was 22% (95% CI = 2-43%). XE-2100 graphical output analyses. Representative scatterplots of the AFS, P. vivax , and P. falciparum groups are shown in Figure 3 . A general XE-2100 P. vivax pattern was observed in the DIFF, WBC/BASO, IMI, and RET-EXT scatterplots ( Figures 2 and 3 ) and was fractioned into 14 categorical variables (Arabic numerals in Figure 2 and Supplementary Table 1 ) and 6 pixel-counting areas (Roman numerals in Figure 2 and Supplementary Table 2 ). The WBC ghost group in the IMI scatterplots showed a rightward shift in samples with P. vivax , and no important abnormalities appeared in the NRBC scatterplots. The interrater and intrarater kappa coefficients for the XE-2100 P. vivax pattern variable were 0.92 (95% CI = 0.83-1.00) and 0.96 (95% CI = 0.87-1.00), respectively ( Supplementary Table 1 ). In the P. vivax group, 98% had ≥ 1 of 10 possible abnormalities for the variable number of granulocyte-coded DIFF abnormalities compared with 36% in the AFS group ( P < 0.001; Figure 2 ). The only P. falciparum sample with an abnormal scatterplot consisting of a second eosinophil-coded group in the DIFF scatterplot also had the highest gametocytemia (1,613 gametocytes/μL versus group mode; 0 gametocytes/μL). PLT and RBC histograms showed extra peaks in both malaria groups but had low reproducibility (kappa of 0.55 and 0.36, respectively) and were not included in further analyses ( Supplementary Figure 2 , available at www.ajtmh.org ). Compared with the AFS group, pixel counts were significantly higher in all six counting areas, except the RET-EXT(IV) for P. vivax , and in none of the RET-EXT areas for P. falciparum ( Figure 2 ; Supplementary Table 2 ). Optimal cut-off values and diagnostic accuracy of pixel counts are shown in Table 2 .
Diagnostic models. Four P. vivax and two P. falciparum prediction models were constructed. Model characteristics with variables included, strength of association, regression coefficients, diagnostic odds ratios (DOR), optimal cut-off PPs, diagnostic accuracy, and validation results are shown in Tables 3 and 4 , Supplementary Panel 2 (available at www .ajtmh.org ), and described as follows. Differences in sex, age, ethnicity, and time to process the samples did not significantly alter the regression coefficients of the variables selected for the models.
P. vivax diagnostic models. One univariate and one multivariate OD P. vivax diagnostic model was obtained ( N = 128). The univariate OD Pv (U-OD Pv ) model consisted in the recognition of the general XE-2100 P. vivax pattern. A Malaria Pv Score constructed from the multivariate OD Pv (M-OD Pv ) model consisted of 11 variables that were ≥ 7 pixels in the WBC/ BASO(III) (3 points) and the number of granulocyte-coded DIFF abnormalities (10 variables; 1 point per variable) with ≥ 4 points achieving the optimal accuracy ( Tables 3 and 4 ; Figure 2 ; Supplementary Figure 3 , available at www.ajtmh.org ). The N-OD1 Pv ( N = 114) model included the continuous decrease in 1% units of plaquetocrit, the continuous increment in the DDIFF/WBC, and the continuous increase in mean Y axis units of lymphocyte-coded events (LYMPH-Y). The increase in LYMPH-Y had a small but significant correlation with the pixel count in DIFF(II) ( R 2 = 0.045; P < 0.001), and the increase in DDIFF/WBC showed a significant correlation with the number of granulocyte-coded DIFF abnormalities ( R 2 = 0.318; P < 0.001). The N-OD2 Pv ( N = 128) model included the continuous increase in the WBC/BASO(III) pixel count and the continuous decrease in optic platelet count (×10 3 /μL; PLT-O).
P. falciparum diagnostic models. OD models could not be developed for the P. falciparum group because of the lack of significant scatterplot abnormalities. The P. falciparum N-OD1 Pf ( N = 91) model included the continuous increase in red cell distribution width (RDW-SD) in femtoliters, the continuous decrease in the PLT-O count, and the continuous increase in LYMPH-Y. The N-OD2 Pf ( N = 91) model included an increase in RDW-SD, the continuous decrease in the PLT-O count, and the continuous increase of pixels in the WBC/BASO(III) scatterplot.
Manual and automated WBC differential counts. A median pseudoeosinophilia of 33.9% (interquartile range [IQR] 94) was found in the P. vivax group compared with 5.6% (IQR 140) in the AFS group ( N = 114; P = 0.16). The optimal pseudoeosinophilia for P. vivax diagnosis was 20.9% (ROC area under the curve [AUC] = 0.575; P = 0.17). No pseudoeosinophilia was found in the P. falciparum group. The lymphocyte, monocyte, and neutrophil counts showed no significant gaps for any of the malaria groups.
Parasitemia and associations with FBC variables. Differential parasite counts are shown in Supplementary Table 3 (available at www.ajtmh.org ). The sample with the lowest P. vivax parasitemia (190 parasites/μL containing 76 mature trophozoites/μL and 114 schizonts/μL) was detected by both N-OD Pv models but neither OD Pv models. The sample with the lowest P. falciparum parasitemia (356 parasites/μL; 32 gametocytes/μL) was detected by both N-OD Pf models. Significant associations between the XE-2100 abnormalities and the differential parasite counts are shown in Table 5 and Supplementary Table 4 (available at www.ajtmh.org ). P. vivax mature trophozoites and schizonts showed a strong and significant association with abnormalities in the DIFF, WBC/BASO, and RET-EXT scatterplots followed by gametocytes and rings. The DDIFF/WBC was associated with the presence of P. vivax mature trophozoites, and for both species, ring forms were associated with an increase in LYMPH-Y. No significant associations were found for platelet or RDW-SD measurements.
DISCUSSION
There is substantial evidence that modern hematology analyzers can detect malaria-associated events, mostly by interference with the flow cytometry 20 and DC measurements. 21 Three prototypes of analyzers have been evaluated for malaria diagnosis. The Cell-Dyn analyzers detect monocyte-coded depolarizing events corresponding to hemozoin-laden macrophages 8 with a maximum sensitivity and specificity of 97% 22 and 98%, 23 respectively. For the Coulter analyzers, a malaria discriminant factor that uses monocyte and lymphocyte DC measurements has a maximum sensitivity and specificity of 98% and 96.9%, respectively. 4, 21 More recently, using the XE-2100 analyzer, two case series in South Korea, one with 16 and one with 3 P. vivax -infected patients, described pseudoeosinophilia and abnormal granulocyte-coded events in the DIFF scatterplot in approximately 38% of samples. 9, 10 In 2008, Huh and others 5 in South Korea compared these two findings against thick-film malaria diagnosis in 144 samples of P. vivax -infected patients and in 319 samples from febrile patients, reporting a sensitivity of 69.4% and a specificity of 100%. 5 Other small case series have described similar findings 6, 24 in P. vivax infected samples, and a case describing an elevated reticulocyte/IRF ratio and an increase in highly fluorescent lymphocyte-coded events in the DIFF scatterplot [DIFF(II) area] in a P. falciparum -infected patient 25 has been published by the Sysmex Corporation. In our study, we have confirmed most of these previous findings and further explored all the malaria-related abnormalities detected by the XE-2100. We have optimized the XE-2100s malaria-diagnostic capacity by building models with the best malaria-predictor variables and computed them into an optimal PP value (index test) that also enables the automation of the method. The models developed were two OD and two N-OD models for P. vivax and two N-OD models for P. falciparum that showed an accuracy above 94.7% ( P. vivax models) and 85% ( P. falciparum models). Validation analyses further showed that all models had similar accuracies with less than 5% variation from the original models, except for the N-OD1 Pf that showed a 9% increment in accuracy (from 85% to 94%).
The general scatterplot XE-2100 P. vivax pattern (U-OD Pv ) had an accuracy of 95.3% (95% CI = 91.3-99.4%) and was further simplified to a Malaria Pv Score (M-OD Pv ) that improved the accuracy to 96.9% (95% CI = 93.5-100%). The observer bias associated with the OD criteria was minimized by only including variables with acceptable interrater and intrarater reproducibility ( Supplementary Table 1 ), and the XE-2100 P. vivax pattern had an excellent interrater reproducibility (kappa of 0.92). 26 The study by Huh and others 5 described abnormal DIFF scatterplots in 52% of samples with P. vivax . Our study found that 98% of samples with P. vivax parasites had at least 1 of 10 DIFF abnormalities used for the M-OD Pv . We also describe abnormalities not previously reported in the WBC/BASO, RET-EXT, and IMI scatterplots that substantially increased the description and accuracy of the XE-2100 P. vivax pattern. Optimal cut-off pixel counts in the DIFF(I), WBC/BASO(III), RET-EXT(V), and RET-EXT(VI) for P. vivax and in the WBC/BASO(III) and DIFF(II) for P. falciparum were accurate and objective variables that could be used to complement the OD models ( Figures 2 and 3 ; Table 2 ). The pixel count in the WBC/BASO(III) area was especially important, because it is easily identifiable, had the highest diagnostic accuracy, and was retained as the strongest predictor variable in all models that used scatterplot information (OD and N-OD2; Tables 3 and 4 ). We found no reliable P. falciparum scatterplot pattern to develop an OD Pf .
Most research done in the field of malaria diagnosis with hematology analyzers proposes observer-dependent diagnos-tic criteria, 20 including the study done by Huh and others 5 to evaluate the XE-2100. Malaria diagnosis with hematology analyzers could have more clinical relevance and impact on patient's care if implemented as an automated malaria alarm integrated to the XE-2100 IPU or a LIS. With this premise, we developed the N-OD models using the built-in XE-2100 variables available (N-OD1 models) and pixel counts in areas not registered by the commercial XE-2100 IPU (N-OD2 models). The N-OD models had a good overall accuracy and reproducibility on validation analyses, and the N-OD2 models were more parsimonious and accurate than the N-OD1 models when the WBC/BASO(III) pixel count was included ( Tables 3  and 4 ). Both P. falciparum N-OD models were less accurate than P. vivax models, most likely because of fewer scatterplot abnormalities.
In all the N-OD diagnostic models, the descent in platelet count measured as plaquetocrit or PLT-O was a significant malaria predictor as expected by the thrombocytopenia caused by the disease. The continuous increment in the mean LYMPH-Y value was a good predictor variable in both N-OD1 P. vivax and P. falciparum models, and it showed a weak but significant correlation with the pixel count in DIFF(II) (area for atypical lymphocytes; Figure 1 ) and correlated with the presence of P. vivax rings and schizonts and P. falciparum rings ( Table 5 ). An increase in events in the DIFF(II) had already been reported in a patient with P. falciparum malaria. 25 Hemozoin-laden macrophages could potentially generate a high side-scatter signal erroneously detected as SFL 27 and registered in the LYMPH-Y channel. The number of rings alone is unlikely to produce this signal, but ring parasitemia may correlate with the concentration of hemozoin-laden monocytes. 23, 28 The increase in DDIFF/WBC was a good predictor in the N-OD1 Pv model, and it correlated significantly with the variable number of granulocyte-coded abnormalities in the DIFF scatterplot. Both of these variables showed a significant correlation with P. vivax mature trophozoites ( Table 5 ). For the P. falciparum N-OD Pf models, the variable RDW-SD, despite the lack of significant correlation, could be associated with the presence of ring forms interfering with the DC measurements, generating a wider distribution with extra peaks in the RBC histograms ( Supplementary Figure 2 ) .
Abnormal scatterplot events in Cell-Dyn analyzers are associated with the detection of hemozoin-laden macrophages. 8 However, for the XE-2100, no studies have directly explored such association. Huh and others 5 followed 24 samples posttreatment and found resolution of all DIFF scatterplot abnormalities by day 3, which coincides with the expected time for microscopic parasite negativity. We found that most of the Scatter plot label and counting area specified by Roman numerals is shown in Figure 2 , and they appear in this format throughout the text. TP = true positive; TN = true negatives.
abnormalities in the DIFF, WBC/BASO, and RET-EXT scatterplots correlated significantly with the concentration of P. vivax mature trophozoites, schizonts, and gametocytes ( Table 5 ; Supplementary Table 4 ). Additionally, the scatterplot localization of malaria-related events coincides with the expected patterns for mature trophozoites ( Table 5 ; Figures 2  and 3 ): In the DIFF scatterplot, events with high SSC values in the granulocyte area are compatible with signals generated by hemozoin-containing mature forms that could also generate a nucleic acid-derived SFL signal toward the DIFF(I) area. For the WBC/BASO(III) events, the SSC values similar to basophils combined with the low FSC values are compatible with signals generated by hemozoin-containing corpuscles smaller than a WBC such as mature trophozoites and schizonts. We did not find a significant increase in the reticulocyte/IRF ratio as reported previously ( Supplementary Table 2 ). 25 However, the RET-EXT scatterplot of P. vivax samples showed highly fluorescent (SFL), gray-coded events distributed in linear or clustered patterns, which could correspond to the parasite's nucleic acid or hemozoin, with size ranges (FSC) between RBCs (RET-EXT(V)) or platelets [RET-EXT(VI); Figures 2  and 3 ]. These events showed significant correlation with gametocyte, schizont, and mature trophozoite parasitemia. The virtual lack of scatterplot abnormalities in the P. falciparum samples, containing mainly rings, further supports the hypothesis that most abnormalities detected by the XE-2100 correspond to mature parasites, as found in P. vivax malaria. Despite the sequestering of mature P. falciparum parasites and the resulting few scatterplot abnormalities, this species was accurately detected by the N-OD1 Pf variable combination of RDW-SD, PLT-O, and LYMPH-Y. Research specifically tailored to establish the cause of all abnormalities (i.e., by analyzing parasite-synchronized samples with an open XE-2100 flow cytometer) is still needed. Pseudoeosinophilia has been reported as a common finding in XE-2100 blood analyses performed in P. vivax -infected samples. 5, 9 Huh and others 5 found that ≥ 5% pseudoeosinophilia in P. vivax -infected samples had a sensitivity of 38.9% and a specificity of 100%. We found that the optimal P. vivax -diagnostic pseudoeosinophilia was 20.9% and had an accuracy of 60.5% (95% CI = 51.1-69.9%). However, this diagnostic criterion requires microscopic blood evaluation and a manual calculation, limiting its applicability in clinical scenarios. Regarding the malaria detection threshold for the XE-2100, Huh and others 5 found that the sensitivity increased from 39.3% to 88.6% in samples with more 500 parasites/μL, 5 and in our study, the P. vivax sample with the lowest parasitemia (190 parasites/μL) was detected by both N-OD Pv models.
A two-gate case-control design was chosen to optimize the construction of diagnostic models where the dependent variable (malaria status) needed to be known before performing accuracy analyses. This type of sampling precludes populationbased inferences (diagnostic predictive values), potentially limiting external validity, and may overestimate the diagnostic accuracy of the index test, because the samples used to develop the models were also used to test their diagnostic accuracy. To assess the external validity of the built models, a partialvalidation procedure was performed. The regression parameters, accuracy, and Youden's J were consistent with the estimates obtained for the original models, especially when accuracy was compared, because the PPs tended to pool toward extreme values (PP » 0.0 or 1.0) where small variations in the regression Table 3 Multivariate logistic regression predictive models for P. vivax and P. falciparum ( Tables 3  and 4 ; Supplementary Panel 2 ). 29 Performance of the N-OD1 models in clinical scenarios where hematologic pathologies could potentially interfere with the LYMPH-Y and DDIFF/ WBC measurements is uncertain; however, the combination of several parameters to achieve a robust PP diagnostic criterion could give some stability to the models. The time to process the samples was outside routine practice, but it conforms to the sample viability frame. 15 More importantly, the time was similar between groups, suggesting that any small variation was symmetrically distributed, and the models were not significantly altered by this factor. Health personnel with access to automated FBCs should become familiar with the OD malaria-associated findings. Malaria diagnosis with hematology analyzers, as we have shown for the XE-2100, could become an important failsafe tool in scenarios where clinicians and laboratory personnel are less likely to suspect and test for malaria. In Hungary, a patient not suspected of having malaria was later diagnosed with a mixed P. vivax and P. malariae infection based on an OD Pv finding-an extra neutrophil-coded group in the DIFF scatterplot. 24 Thrombocytopenia, anemia, and the presence of a general XE-2100 P. vivax pattern (U-OD Pv ) or a positive Malaria Pv Score (M-OD Pv ) in a febrile patient should prompt a microscopic analysis for P. vivax malaria, whereas the presence of thrombocytopenia, anemia, and pixel counts in WBC/ BASO(III) and DIFF(II) ( Table 2 ) could be used to rule out P. falciparum malaria.
The N-OD1 diagnostic models can provide the framework for the development of malaria alarms for commercial XE-2100 analyzers currently operating. The PP equation for both N-OD1 Pv and N-OD1 pf models ( Table 3 ) can be automatically computed with each patient's variable values using a LIS and the detection threshold set at the optimal PPs given in Table 4 (Supplementary Example, available at www.ajtmh .org ). Scatterplot abnormalities seen in the images produced by the IPU correspond to a limited fraction of events detected by the XE-2100s flow cytometer, but these were significant enough to allow for a reproducible analysis and be accurate predictors of malaria. The N-OD2 diagnostic models provide new scatterplot variables like the pixel counts in WBC/ BASO(III), RET-EXT(V), and RET-EXT(VI), that could potentially be used by the industry to improve the prediction algorithm and incorporate it into the XE-2100 IPU.
Finally, malaria detection with modern hematology analyzers could be optimized by calibrating the instruments to detect blood abnormalities associated with malaria. Experimental malaria-cytometry studies have found a detection threshold of 50 parasites/μL. 30 Furthermore, in a study using a Sysmex SIF flow cytometer, the authors were able to differentiate P. falciparum parasite stages based on fluorescence patterns, 31 providing evidence for the potential for improving malaria detection with commercial flow cytometers, including the XE-2100. Our findings, specially the N-OD2 models, suggest that the XE-2100 could become an accurate tool for malaria diagnosis, allowing for a timely microscopic blood evaluation of affected patients. Figure 2 . † Marginally non-significant P value for regression coefficient. ‡ Significant regression coefficient. Regression coefficients and additional variables can be found in Supplementary Table 4 . Supplementary  Figure 3 ). For the N-OD1 Pv cut-off PP = 0.42 (ROC AUC 0.975; P < 0.001), and for N-OD2 Pv cut-off PP = 0.42 (ROC AUC 0.993; P < 0.001). For N-OD1 Pf cut-off PP = 0.29 (ROC AUC 0.916; P < 0.001), and for N-OD2 Pf cut-off, PP = 0.37 (ROC AUC 0.921; P < 0.001).
